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Introduction
During a severe accident of nuclear power plants, the reactor core is likely to
be damaged. Even if the event is non-energetic, a considerable amount of the
fuel may melt in the core region. This core material is required to be held in
the reactor vessel for a long time after it has solidified and cooled sufficiently.
In other words, heat removal from the melt material must be part of the safety
assessment.
One possible scenario includes that the melt material flows into the coolant as
“melt jets”. For that scenario, it is particularly important to deeply understand
the behavior known as melt-jet breakup in the coolant. To date, there have been
many experimental efforts under various conditions that have been aimed at
clarifying the melt-coolant interaction [3]. We can classify the types of previous
tests (or experiments) as in Fig. 1. The larger tests have good side from the
viewpoint of prototylicality; however, it is difficult to conduct such tests itself.
Moreover, the phenomena will result in many kind of complex interactions,
including hydrodynamic and thermal ones. In those cases, it is quite difficult to
identify the essence of the phenomena.
Different from such approach, this dissertation focuses on fundamental pro-
cesses of the melt-jet breakup. The considered fundamental processes are sum-
marized in Fig. 2. The objective of this dissertation is to elucidate fragmentation
mechanism and establish melt-coolability assessment methodology. To this end,
this dissertation is structured by seven chapters as shown in Fig. 3. In the rest
of the paper, the abstract of each section is given.
Liquid-liquid jet experiments
In the experimental study, we carried out jet injection experiments using test
fluids to investigate the dynamics of jet breakup and droplet formation in im-
miscible liquid-liquid systems as a fundamental process of melt-jet-coolant in-
teractions [9, 10].
Qualitative observations of the jet breakup regimes are shown in Fig. 4.
The test fluid pair was water (dispersed phase) and silicone oil (continuous
phase); the nozzle diameter Dj0 was 7 mm. Thus, the variable parameter was
the injection velocity uj0. From left to right, we can see that the droplet size
decreased and the number of droplets increased with increase of jet velocity.
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実機事象と対応する実験ならびに解析
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Figure 1: Relationship between reactor-accident phenomena and the existing
tests or experiments.
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溶融ジェットブレイクアップの素過程
Chu et al., Nucl. Eng. Des., (1995).
Figure 2: Fundamental process of melt-jet breakup process.
Also, the scale of the waves on the interface became smaller with the velocity
was increased.
The breakup regimes were classified based on Ohnesorge’s idea [7]. How-
ever, it was found that the empirical correlations representing the boundaries of
the breakup regimes in liquid-gas systems could not be applied to liquid-liquid
systems. Therefore, we reformulated the breakup-regime diagram based on the
observation and analysis results. By using simple assumptions, the correlations
representing the criteria for the regime boundaries of liquid-liquid systems were
derived as follows:
Oh = 2.8 Re−1 (between I and IIa), (1)
Oh = 22 Re−1 (between IIb and III). (2)
Fig. 5 summarizes the modification from the liquid-gas system to liquid-liquid
system. In the same figure, the extrapolation of the experimental data to the
2
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Figure 3: Structure of the dissertation.
typical SFR (sodium-cooled fast reactor) conditions was considered. The ex-
trapolation results implied that most of the hydrodynamic conditions during an
accident would be covered by Regime III, the atomization regime.
Liquid-liquid jet simulations
To better understand the fundamental interactions between melt-jet and coolant
interactions, numerical simulations would be also effective approaches. Our ex-
perimental study implied that the breakups of liquid jets are essentially three-
dimensional flows and possess multiscale phenomena, such as droplet pinch-off
and atomization. To deal with the multiscale property, we choose the lattice
Boltzmann method, one of the meso-scale simulation methods, as the simula-
tion method. In this numerical study, we develop a three-dimensional lattice
Boltzmann model for immiscible two-phase flows and apply the model to our
liquid-liquid jet experiments [8, 11].
We adopt the color-gradient model to express two-component flows, such
as immicible liquid-liquid system. Let fki be the distribution functions with
k = r or b. The equations to be solved are the following lattice Boltzmann
equation, which describes the time evolution of the distribution function:
fki (x+ ciδt, t+ δt) = f
k
i (x, t) + Ω
k
i + Fiδt, (3)
where Ωki is the collision term and Fi is the discrete forcing term. Since our
formulation is on the three-dimensional 27-velocity lattice as shown in Fig. 6,
we set the lattice directions as i = 0, 1, · · · , 26. In the color-gradient model, the
collision term can be divided into three sub-operators:
Ωki = (Ω
k
i )
(3)[(Ωki )
(1) + (Ωki )
(2)], (4)
3
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Typical Breakup regimes
(a) (b) (c) (d) (e)
Figure 4: Snapshots of typical breakup regimes observed in the experiments.
where (Ωki )
(1) is the single-phase collision operator, (Ωki )
(2) is the perturbation
operator, (Ωki )
(3) is the recoloring operator. For the single-phase collision oper-
ator, we introduced the multiple-relaxation-time (MRT) scheme:
(Ωki )
(1) = −M−1KM(|fi〉 − |f eqi 〉), (5)
where M is the transformation matrix and K is the relaxation matrix. Adopt-
ing the D3Q27 MRT collision model greatly improves the numerical stability
compared with D3Q19 MRT model [8].
By choosing the parameters based on the regime map for jet breakup in
liquid-liquid systems [10], we performed simulations to evaluate the reproducibil-
ity of the regime map. Fig 7 shows the simulation results for the atomiza-
tion condition. A large number of droplets are entrained from the jet surface;
the characteristics of atomization (Regime III) appeared. In conclusion, the
breakup regimes appearing in the simulations successfully reproduced the pre-
dicted regimes, i.e., the varicose, sinuous, and atomization regimes.
Hydrodynamic melt jet simulations
In general, the Reynolds number for melt-jet cases becomes extremely higher
than that for liquid-liquid jet cases. Through some numerical tests, we found
that the MRT collision operator was not able to keep its numerical stability.
To overcome this problem, we introduced the central-moment-based (or cas-
caded) collision operator [1] into our color-gradient model [12]. Through this
modification, the single-phase collision operator can be rewritten by
(Ωki )
(1) = −N−1M−1KNM(|fi〉 − |f eqi 〉), (6)
where N is the shift matrix. The practical form of N can be found in Ref. [12].
We applied the model to hydrodynamic melt-jet breakup simulations, tar-
geting two different experiments, namely, the melt-water experiments of Matsuo
et al. [6] and FARO-TERMOS [5] experiments.
Fig. 8 shows one of the simulation results of Matsuo et al.’s experiments.
As in the figure, the qualitative interfacial geometry were well agreed with the
4
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Figure 6: Three-dimensional 27-velocity lattice.
experiments. In that case, the simulations predicted the jet breakup length and
median fragment-diameter with the errors of 10.8% and 6.0%, respectively.
We display a series of numerical simulation results on the flow-regime map
in Fig. 9. The results of the FARO-TERMOS simulation suggested that the
jet in the experiment was in the atomization regime. This simulation therefore
suggests that the jet state in the FARO-TERMOS experiment should be similar
to the atomization regime and, in fact, the debris collected in the T1 experiment
was very fine [5].
Boiling heat transfer on a sphere
Fragments (melt particles) generated from the melt jet is likely to be quenched
since they would be surrounded by the coolant. To simulate this situation, we
set up the two-dimensional computational domain, where we consider the forced
convection boiling heat transfer on a cylinder.
5
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Figure 7: Reproduced atomization process.
To deal with phase-change problem, we propose a hybrid lattice Boltzmann-
finite difference methods; the lattice Boltzmann method is used to solve the fluid
field and the finite difference method is used to solve the temperature field. In
the lattice Boltzmann framework, the pseudopotential lattice Boltzmann model
is employed. We introduce the central-moment-based scheme to keep stability
under wide range of parameters. The explicit form of collision step can be given
by [2]:
|T˜ ∗i 〉 = (I−K) |T˜i〉+K |T˜ eqi 〉+ (I−K/2) |Ci〉
= (I−K)NM |fi〉+KNM |f eqi 〉+ (I−K/2)NM |Ri〉 ,
(7)
where I is a unit matrix and Ci and Ri are forcing terms in central-moment
space and discrete-velocity space, respectively. We here derive the terms |T˜ eqi 〉
and |Ci〉 based on the continuous Maxwell–Boltzmann distribution. With this
derivation, we propose the following forcing term:
|Ci〉 =
[
0, Fx, Fy,
2σ |F|2
ψ2δt(τb − 0.5) , 0, 0, c
2
sFy, c
2
sFx,
2c2sσ |F|2
ψ2δt(τ4 − 0.5)
]T
, (8)
where F is the internal or external force, and σ is a constant to tune the ther-
modynamic consistency of the pseudopotential model. Finally, the moments are
transformed from the central-moment space to the velocity-space as follows:
|f∗i 〉 = M−1N−1 |T˜ ∗i 〉 . (9)
On the other hand, the energy equation
∂tT + u · ∇T = 1
ρcv
∇ · (λ∇T )− T
ρcv
(
∂pEOS
∂T
)
ρ
∇ · u, (10)
can be derived from the conservation equation for internal energy and the general
thermodynamic relation. To solve Eq (10) we adopt the classical finite difference
6
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Figure 8: Detailed flow structure of melt-jet breakup process.
scheme. The non-ideal equation of state pEOS plays an important role in phase-
change heat transfer.
Fig. 10 shows some of the simulation results for Re = 15. As in the fig-
ure, some characteristic boiling regimes can be seen, including single-phase heat
transfer. A series of boiling process, nucleation, growth, and departure of a va-
por bubble can be naturally reproduced by our model. We can also perform the
forced convection boiling at high Reynolds numbers. Fig. 11 shows the typical
snapshot for Re = 15000 with the Liu–Theofanous’ sketch for forced convection
boiling at saturated condition [4]. We confirmed that our proposed methodol-
ogy enables us to numerically investigate the phase-change heat transfer on a
sphere under wide-range parameters.
Conclusions
The conclusions obtained in this dissertation are summarized as follows:
• The correlations representing the criteria for the regime boundaries of
liquid-liquid jet systems were derived. The extrapolation results implied
that most of the hydrodynamic conditions during an accident would be
covered by Regime III, the atomization regime.
• A three-dimensional lattice Boltzmann model for immiscible two-phase
flows and apply the model to our liquid-liquid jet experiments. The
breakup regimes appearing in the simulations successfully reproduced the
predicted regimes, i.e., the varicose, sinuous, and atomization regimes.
• To overcome the problem of numerical instability at the high Reynolds
number, we introduced the central-moment-based collision operator into
our color-gradient model. The results of the FARO-TERMOS simulation
suggested that the jet in the experiment was in the atomization regime.
7
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流動遷移図とシミュレーション結果
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Figure 9: Summary of numerical simulations on the flow-regime diagram.
• A hybrid lattice Boltzmann-finite difference method is developed to simu-
late phase-change heat transfer. This enables us to numerically investigate
the phase-change heat transfer on a sphere under the wide-range Reynolds
numbers.
The results obtained in this dissertation, based on the detailed experiments and
numerical simulations, provide fundamental knowledge with which to assess
melt-jet fragmentation and its coolability.
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